Little is known of the neural mechanisms of marsupial olfaction. However, functional magnetic resonance imaging (fMRI) has made it possible to visualize dynamic brain function in mammals without invasion. In this study, central processing of urinary pheromones was investigated in the brown antechinus, Antechinus stuartii, using fMRI. Images were obtained from 18 subjects (11 males, 7 females) in response to conspecific urinary olfactory stimuli. Significant indiscriminate activation occurred in the accessory olfactory bulb, entorhinal, frontal, and parietal cortices in response to both male and female urine. The paraventricular nucleus of hypothalamus, ventrolateral thalamic nucleus, and medial preoptic area were only activated in response to male urine. Results of this MRI study indicate that projections of accessory olfactory system are activated by chemo-sensory cues. Furthermore, it appears that, based on these experiments, urinary pheromones may act on the hypothalamo-pituitary-adrenocortical axis via the paraventricular nucleus of the hypothalamus and may play an important role in the unique life history pattern of A. stuartii. Finally, this study has demonstrated that fMRI may be a powerful tool for investigations of olfactory processes in mammals.
It is well known that olfaction and olfactory cues (chemosignals) play a central role in social communication, behavior, and reproduction in most mammals. Two systems are currently recognized as perceiving chemosensory input: the main olfactory system and the accessory olfactory system. The main olfactory system is thought to serve a general function as a context analyzer, whereas the accessory olfactory system, consisting of chemoreceptor neurons in the vomeronasal organ and their central pathway through the accessory olfactory bulb, amygdala, and basal forebrain, has been im-* Correspondent: charlotte@mfi.ku.dk plicated in pheromone detection and mediation of chemical signals in several species (Jackson and Harder 1996; Pfeiffer and Johnston 1993) . However, although the mechanism by which the accessory system detects chemosignals is well described, little is known about how the brain encodes smells, odor-associated memories, and emotions.
The role of olfactory stimuli in the form of pheromones has been thoroughly investigated. Chemosignals have been identified as important modulators of reproductive physiology and sexual behavior (Johnston 1986; Lisk et al. 1972; Waring et al. 1996) and have been proposed as a neuromodulatory mechanism for mate choice (Kavaliers and Colwell 1993) . Furthermore, according to observations in seminatural environments, chemical cues may promote sexual encounters and rapprochement during the initial precopulatory phase of the mating pattern (Orsini et al. 1985) .
The brown antechinus, A. stuartii, is a small nocturnal dasyurid marsupial which inhabits the rainforests of eastern Australia. A. stuartii exhibits a life history which is both unique and extreme among mammals. The species is seasonally monestrous and the annual reproductive cycle is characterized by a short, synchronized period of mating lasting from a few days to a few weeks (Wolley 1966) . Interestingly, the death of all males at the end of the breeding period is associated with extensive adrenocortical activity (Bradley et al. 1976 (Bradley et al. , 1980 . Juvenile A. stuartii of both sexes are solitary; however, with the approach of the breeding period, animals may form nesting groups of up to 24 animals (Cockburn and Lazenby-Cohen 1992) . During the breeding period, males secrete copiously from cutaneous sternal glands and have been observed to frequently scent-mark their nesting area (Braithwaite 1974 ) using a complex system of paracloacal glands. During the breeding season, males may form large leks to attract females (Cockburn and Lazenby-Cohen 1992) which, together with its mainly nocturnal life style, suggests extensive reliance on chemosensory cues for communication and localization of conspecifics (Scott 1986) .
From recent studies on chemical constituents and biological significance of A. stuartii urine (Toftegaard et al. 1999; Toftegaard and Bradley, in press ), it appears that in addition to sternal scent-marking, urinary cues may form an integral part of intraspecies communication in A. stuartii. Two volatile pyrazines that have been identified as specific to male urine may influence the reproductive and adrenocortical axes of conspecifics (Toftegaard and Bradley, in press ); however, the central pathway of pheromone processing in the brain of A. stuartii in response to such urinary stimuli still awaits examination.
Because of their role in gonadotropin secretion and reproductive behavior, specific hypothalamic regions are possible candidates for the central mediation of olfactory stimuli. Support for this theory comes from studies by Pfaff and Pfaffmann (1969) and Orsini et al. (1985) who found, using deoxyglucose autoradiography, that neurons in the anterior extension of the hypothalamus and lateral hypothalamic area of males responded to female urinary cues.
Neuroscientists once regarded the hippocampal formation as olfactory in function, but a review by Brodal (1947) led to the abandonment of this view because of the lack of evidence linking the olfactory bulb with the hippocampus. It is now generally thought that the hippocampus has roles not only in memory and emotion but also in spatial and cognitive abilities .
Our knowledge of the central neural mechanisms of not only marsupial but also of eutherian olfaction has been limited to date by a lack of objective investigative methods. Although positron emission tomography is an useful method for investigating brain structure-function relationships, the use of radioactive substances has the disadvantage that subjects may suffer from overexposure to radiation. The advent of magnetic resonance imaging (MRI) has enabled clinical and scientific researchers to use a nonradioactive high-resolution in vivo method to study the auditory, visual, motor, and sensory regions of the mammalian brain, and recent studies of human olfactory function (Koizuka et al. 1994; Sobel et al. 1998; Yousem et al. 1997 ) have demonstrated that it is possible to use MRI to detect alterations in brain activation in response to various stimuli.
In the present study, MRI was used to investigate the differential activation of specific brain regions in a small dasyurid mar-supial, A. stuartii, in response to olfactory stimulation by volatile pyrazines specific to male urine. In order to elucidate the role of social cues in the life history of this unique species of marsupial, we have identified potential links between olfactorily-stimulated brain regions and adrenocortical changes observed specifically in males toward the end of breeding season. Apart from identifying key brain regions that respond to urinary stimuli, this study also demonstrates the usefulness and power of functional MRI (fMRI). fMRI complements traditional histological techniques and may successfully be used in future to contribute to our knowledge of olfactory control of endocrine mechanisms in both the Eutheria and Metatheria.
MATERIALS AND METHODS
In order to prepare a guiding histological atlas, 5 sexually mature males were taken from a stock of laboratory-reared animals housed at the Department of Anatomical Sciences, University of Queensland, under optimal nonstressful laboratory conditions. Animals were housed individually in polystyrene boxes in a temperaturecontrolled room (22 Ϯ 1ЊC) under a day/night cycle of 16L:8D. Water and food (Whiskas cat food and Whiskettes cat pellet, Uncle Ben, Australia) were available ad libitum.
Animals were overdosed with sodium pentobarbitone (60 mg/kg into the peritoneal cavity) in accordance with guidelines from the National Health and Medical Research Council of Australia (Australian Code of Practice for the Care and Use of Animals for Scientific Purposes, September 1997, Section 3.3.20, Humane Killing of Animals) and perfused via the left ventricle briefly with saline containing 0.01% sodium nitrite followed by fixative for 1 h (200 ml 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4). Brains were removed and stored at 4ЊC in the same fixative until processed. Before sectioning, brains were immersed for 24 h in a sucrose solution (30% sucrose in 0.1 M sodium phosphate buffer) at room temperature. Brains were embedded in an albumin : gelatin solution (45 g albumin in 100 ml 0.1 M phosphate buffer, pH 7.6; 0.75 g gelatin in 50 ml phosphate buffer, pH 7.6; and 30 g sucrose) and set by the addition of glutaraldehyde to 25%. Brains were subsequently rapidly frozen in powdered dry ice and sectioned at 40 m in the coronal plane on the freezing microtome. Every 2nd section was mounted on gelatinized slides and stained for Nissl substance with cresyl violet. Sections were viewed and photographed using conventional bright-field light microscopy. Identification of cryoanatomical features was achieved by comparison with the Paxinos and Watson stereotaxic atlas of the rat brain (Paxinos and Watson 1986) and that of the primitive new world primate, the common marmoset (Stephan et al. 1980) .
For MRI of brain in response to olfactory stimuli, 18 sexually mature animals (11 males and 7 females) were trapped at Mt. Glorious in Brisbane Forest Park, Australia, during the reproductive season using aluminum traps baited with a mixture of fried bacon, peanut butter, and rolled oats. Upon return to laboratory, animals were maintained for a period of 3 weeks prior to experimentation under conditions described previously for the laboratory colony. Food was withdrawn 1 day prior to the day of experimentation. Animals were put in 4 groups and exposed to volatiles in urine collected from sexually mature male and female A. stuartii during the breeding season, using the set-up described in Fig. 1A . Urine was frozen and stored at Ϫ80ЊC until use. Although females were caught during the breeding season, they were shown to be nonestrus by vaginal swab examination at the time of urine collection for this study.
The 1st experimental group consisted of males (n ϭ 6) exposed to female urine, 2nd group was males (n ϭ 5) exposed to male urine, 3rd group was females (n ϭ 4) exposed to male urine, and 4th group was females (n ϭ 3) exposed to female urine. Approximately 3 ml of urine and 3 ml of distilled water were sealed in clean polypropylene vials connected to 2 tubing systems; 1 for delivering a steady air flow and 1 connected to the anesthetic delivery system for the urinary volatiles to join the airstream flowing over the animal's nose. The air flow in and out of the vials was controlled by a set of taps that could be operated manually near the magnet between image acquisition (Fig. 1B) .
While in the magnet, animals were strapped to the coil and kept under light anesthesia using 1-3% isoflurane delivered in pure oxygen (0.5 l/min) to avoid movement of the animal. Control experiments were carried out to assure that no FIG. 1.-A) Schematic representations of the urine collection system. Each animal was placed in the top chamber overnight after which urine was collected in glass collecting vials, frozen, and stored at Ϫ80Њ C until used. B) The experimental apparatus used to test urinary pheromones in Antechinus stuartii. Odor solutions (urine and synthetic volatiles) and control solution of distilled water were sealed in clean polypropylene vials connected to 2 tubing systems: 1 for delivering a steady air flow, the other for anesthetic delivery system in order for the urinary volatiles to join the airstream flowing over the animal's nose. Air flow in and out of vials was produced by an aquarium pump and was controlled by a set of valves.
FIG. 2.-Head-neck image of Antechinus stuartii. Six contiguous sagittal MR images (vertical lines in the box indicate brain regions, imaging starting at the olfactory bulb, which is marked by the number 1) were used for localization of brain regions before performing axial high-resolution and fMRIs at 4.7 T. movement artifacts interfered with experimental signals. Volatile isoflurane was chosen as experimental anesthetic, as we have found that intramuscular and intravenous anesthetics are not appropriate for long-term immobilization (4-5 h) of small marsupials. Moreover, autoradiographic studies have shown that low-dose ketamine, a commonly used intramuscular anesthetic, may produce an increase in regional glucose utilization and blood flow in the rat brain, whereas the use of halothane was found to reduce these changes (Burdett et al. 1995) . These results suggest that the use of intramuscular anesthetics may affect the blood oxygen level in the brain, thus interfering with experimental results. Other recent studies have found that anesthesia does not affect the perception of odors in human subjects (Sobel et al. 1998) , in rats or primates Yeh et al. 1997) . Furthermore, to address the issue of possible anesthetic artifacts, each urinary olfactory presentation was preceded by a control presentation of anesthetic only. Brain volume was imaged 5 times under control conditions obtaining 1 mean image (mean control), and then imaged 5 times with urinary olfactory presentation obtaining 1 mean image (mean stimulation), after which the former was subtracted from the latter. This onoff cycle was repeated 3 times. The respiratory rate was measured using an optical sensor developed by the Center for Magnetic Resonance (Wilson et al. 1993) . Olfactory stimuli were presented to the animals using the isoflurane and oxygen mixture as a delivering agent. A sagittal MR image was used for localization ( Fig. 2) of specific brain regions before we performed axial high resolution and fMRIs on an MR system with a 4.7-T magnetic field (Bruker Medizintech, Karlsruhe, Germany).
The fMRI studies used the decrease in concentration of deoxyhemoglobin as a marker for increased blood oxygenation caused by increased blood flow during neural activation. This is the basis of blood oxygen level-dependent (BOLD) contrast (Ogawa et al. 1990 ). This effect is seen optimally using a gradient echo sequence (the refocusing of a signal which has been spatially encoded using gradients) which has proved more sensitive to the magnet susceptibility effect induced by the paramagnetic deoxyhemoglobin.
The entire brain volume was imaged in a series of 6 contiguous slices and the signals averaged to increase signal-to-noise ratio within the image. This was repeated 20 times for each olfactory stimulus, in an on-off pattern which was repeated 3 times. The repetition time was 1,000 ms and echo time 24 ms. This echo time was optimized to give maximum sensitivity to the BOLD effect while maintaining a good image of the brain of A. stuartii. The inplane resolution was 0.2 mm 2 and each slice was 2.5 mm thick, resulting in voxels of 0.2 by 0.2 by 2.5 mm 3 . A teflon restraining bar and head strap prevented head movement during the imaging procedure. Brain images obtained were analyzed using prepared histological atlas of the brain of A. stuartii. No external markers were used, but verification of position of brain structures was accomplished by calculating total distances between image slices compared to the total image and comparing these to distances between histologically cut slices and total brain area. The Paxinos and Watson stereotaxic atlas of the rat brain (Paxinos and Watson 1986 ) was used as a cross-reference.
For statistical analysis, the image stack for each brain slice of 15 repetitions ϫ number of states (2: control and presentation of urine) was read into the computer. A Student's t-test routine was performed comparing the stimulated and control states for each voxel (unit volume). The t-test routine took the 2 arrays (control and stimulated) and returned information about t-test and probability. The output was 3 images, where the mean, t-test, and probability for each voxel were recorded. To obtain the final images, where the positive BOLD changes were overlaid on a high-resolution image of the brain, the final image was filtered leaving only probabilities less than 0.05. This was performed for each individual. High-resolution images from males and females were then compared using 2-way analysis of variance, and the null hypothesis supposing no significant differences between sexes (recipients) in activation of specific brain areas in response to sexually dimorphic urinary cues (donor urine) was rejected at P Ͻ 0.05.
RESULTS
After subtracting the control image (with anesthetics only, no odor) from the odorpresentation image in accordance with standard procedures (Sobel et al. 1998 ), all subjects within the 4 groups showed increased (P Ͻ 0.05) blood oxygen levels in the olfactory bulb and accessory olfactory bulb in response to urinary presentations. Signal activation was also observed in the frontal, parietal, piriform, and entorhinal cortices. Furthermore, signal activation was seen in the dentate gyrus, hippocampal fissure, and septohippocampal nucleus in all subjects. Only individuals (both male and female) exposed to male urine showed significant (P Ͻ 0.05) changes in signal intensity in the paraventricular nucleus of the hypothalamus, medial preoptic area, and anterior paraventricular, ventrolateral and ventromedial thalamic nuclei (Table 1) . Shifting to control air after urine exposure caused the brain activity in each of these regions to return to preexposure levels (Table 1) . Representative high-resolution images overlaid with areas of statistically significant (P Ͻ 0.05) functional activation in a female exposed to male urinary odor are shown highlighted in Fig. 3 . of Shepherd (1981) , connections have been described from the olfactory bulb to the thalamus, diencephalon, pyriform cortex, hippocampus, hypothalamus, cingulate gyrus, orbitofrontal regions, and amygdala in different species of mammals and reptiles. In contrast, the accessory olfactory system, which processes specific chemosensory sig-nals, comprises projections from the accessory olfactory bulb to the cortical nuclei of the amygdala, bed nucleus of the stria terminalis, and medial preoptic area and ventromedial nucleus of the hypothalamus (Broadwell 1975; Winans and Scalia 1970) . The results of this study indicate an overall response to indiscriminate odor stimulation in the olfactory bulb and in the frontal, parietal, entorhinal, and piriform cortices in the anterior part of the brain of A. stuartii. Posteriorly, an indiscriminate response was found in the area of the hippocampal fissure, septohippocampal nucleus, dentate gyrus, and medial part of the central gray area in the mesencephalon. These findings are in agreement with current literature, as the frontal, parietal, and piriform cortices are generally involved in odor discrimination (Levy et al. 1998 ). Anatomical studies have shown that the most direct route by which olfactory information projects to hippocampus is through entorhinal cortex. This parahippocampal region is monosynaptically innervated by both olfactory bulb and primary olfactory (piriform) cortex, and thus it conveys olfactory stimuli to the hippocampal system via the dentate gyrus and is ultimately involved in memory processes. Support for this theory comes from studies on rats and monkeys in which the entorhinal cortex has been shown to be the primary source of sensory afferents to the hippocampus (Bunsey and Eichenbaum 1993; Otto et al. 1991) . In the present work, it appears that male urine may cause selective activation of the accessory olfactory bulb, medial preoptic area, ventromedial and ventrolateral thalamic nuclei, and the paraventricular nucleus of the hypothalamus (PVN). As mammals usually detect pheromones through receptors found in a specialized sensory organ, the vomeronasal organ, and signals are subsequently processed in the accessory olfactory bulb, it is not surprising that activation is also observed in the accessory olfactory bulb of A. stuartii in response to potential pheromonal odors. It was expected that signal activation would be seen in the amygdala that generally receives fibers from the accessory olfactory bulb, but no such activation was observed. However, signal activation was observed in the medial preoptic area which also receives accessory olfactory bulb input. Signal activation was most evident in the anterior paraventricular, ventromedial, and ventrolateral thalamic nuclei, exclusively in response to male urine. This type of activation is in good agreement with anatomical studies on cats and rats, in which olfaction-related amygdaloid contributions to the thalamus have been found (Krettek and Price 1977) . More specifically, the medial dorsal nucleus of the thalamus of monkeys also receives afferent connections from the temporal lobe olfactory-eloquent areas and passes projections to the frontal lobes (Takagi 1989) . Signal activation observed in the PVN is surprising, as the PVN is not regarded as an integral part of the olfactory projection system. However, although still speculative, a pathway between the PVN and the medial preoptic area has been described (Cullinan et al. 1993) , thus connecting the PVN to the accessory olfactory system.
No conclusive activation of the accessory olfactory bulb was found in either males or females exposed to female urine. This lack of activation of the accessory olfactory bulb in response to female odors does not agree with the findings of earlier studies by Scott (1986) , which suggested urine as an important mode of estrus synchrony in A. stuartii. However, the time of collection of urine from females may be critical. Female urine for this study was collected from females not in estrus (based on vaginal smears), and it is highly possible that both males and females may respond differently to urine from estrus females.
The unusual semelparous life history of small dasyurid marsupials, including A. stuartii, has captured the attention of both evolutionary biologists and physiologists. Whereas females may survive and breed for several seasons, all males die shortly after their first breeding season as a result of elevated levels of free cortisol in blood and associated diseases, in particular hemorrhagic ulceration of the gastric mucosa (Bradley 1987 (Bradley , 1997 Bradley et al. 1980; Dickman and Braithwaite 1992) . This annual male-specific die-off has been described as stress-induced, because of increased adrenocortical activity (Selye 1976 ) and a depression in plasma maximum corticosteroid binding capacity (Bradley et al. 1976) caused by an increased secretion of both testosterone and adrenocorticotropin (ACTH). Although described physiologically, the cause of this increased adrenal and gonadal activity is unknown. However, it has been suggested (Toftegaard and Bradley, in press; Toftegaard et al. 1999 ) that conspecific interactions and chemical signals may contribute to the male die-off.
In the last 2 decades, attention has focused on the PVN with regard to hypothalamic integration of endocrine and autonomic responses to stress. It is therefore exciting that the results of this study indicate an activation of the PVN by male urine, as the parvocellular division of the PVN plays a central role in the activity of the hypothalamo-pituitary-adrenocortical axis and may be inhibited by the hippocampus (Cullinan et al. 1993) . The possible involvement of the hippocampus in this pathway is interesting because a defect in glucocorticoid feedback develops late in the life of semelparous dasyurid male marsupials (Bradley 1987 (Bradley , 1990 Bradley et al. 1980; Dickman and Braithwaite 1992; McDonald et al. 1986 ), including A. stuartii (Bradley, in litt.) . In studies on eutherian mammals, it has been found that the neurons of the PVN contain corticotropin releasing hormone-41 which is the primary stimulator of ACTH in synergy with arginine vasopressin (Feldman and Weidenfeld 1997; Rivier and Vale 1985) . Furthermore, electrical stimulation of the PVN produces an increase in both renal and adrenal (catecholamine) nerve activities (Katafuchi et al. 1986 (Katafuchi et al. , 1988 ) associated with the activation of the adrenocortical axis.
Further experiments are clearly warranted to investigate the role of hypothalamic and hippocampal structures in physiological stress response observed in wild populations of A. stuartii. The findings of this study indicate that fMRI may emerge as a useful tool for understanding central brain processing of chemosignals both in Eutheria and Metatheria.
